We measured the height of the chromospheric network in the 1700, 1600, and 304Å wavelength bands of the Atmospheric Imaging Assembly (AIA) onboard the Solar Dynamics Observatory (SDO) from the shift of features on the disk with respect to corresponding features in SDO/Helioseismic and Magnetic Imager (HMI) images of the absolute value of the longitudinal magnetic field. We found that near the limb the 304Å network emission forms 3.60 ± 0.24 Mm above the 1600Å emission, which, in turn, forms 0.48 ± 0.10 Mm above the HMI (6173Å) level. At the center of the disk the corresponding height differences are 2.90 ± 0.02 Mm and 0.39 ± 0.06 Mm respectively. We also found that the 1600Å network emission forms 0.25 ± 0.02 Mm above the 1700Å emission near the limb and 0.20 ± 0.02 Mm at the disk center. Finally, we examined possible variations with the solar cycle. Our results can help to check and refine atmospheric models. Solar Physics relevant to the work presented here, Fossum and Carlsson (2005) computed the formation height of the Transition Region and Coronal Explorer (TRACE) wavelength bands at 1600 and 1700Å; they gave values of 0.36 and 0.43 Mm, with widths of 0.325 and 0.185 Mm respectively.
Introduction
The height of formation of electromagnetic radiation in the solar atmosphere is determined by the local physical conditions and the transfer of the radiation. In classic empirical atmospheric models the height is not a basic parameter, but it is derived from the optical depth and the absorption coefficient (see, e.g., Zirin, 1966) . The height at a particular frequency can be computed from the atmospheric model parameters (see, e.g.. Figure 1 of Vernazza, Avrett, and Loeser, 1976 ; Figure 2 of Avrett and Loeser, 2008) . More recently and more continuum level observed by HMI at 6173Å. In the second section we describe our observations, in Section 3 we present our results, and in Section 4 we discuss our conclusions.
Observations and Data Reduction
For the present study we used the AIA (Lemen et al., 2012) and HMI (Schou et al., 2012) data set that we had employed in conjunction with the ALMA observations (Nindos et al., 2018) , as well as those that we had used for our works with IRIS data and the Venus transit (Alissandrakis and Valentino, 2019a) . In order to check for solar cycle effects, we expanded our data set by including observations from 2013, 2015, and 2019; we thus covered a period from 2012 to now (2019), that is from before the solar maximum up to the Solar Cycle 24 -25 minimum of activity (see Figure 1 , where we give full-disk images for the selected days in the 304Å band). For each data set we averaged a five-minute time series of images in order to reduce the effect of pmode oscillations which are quite prominent in the 1600 and 1700Å bands, and in order to reduce noise in the AIA EUV wavebands. The pixel size is 0.5 for HMI and ≈ 0.6 for AIA, while the spatial resolution is of the order of 1 .
We applied the scale corrections with respect to HMI computed by Alissandrakis and Valentino (2019a) to the AIA images; although these corrections are small, they amount to ≈ 0.15 Mm at the limb and can have non-negligible effects on our measurements. Moreover, we centered the HMI continuum and the AIA 1600 and 1700Å images by performing a fit of the limb to a circle; the resulting corrections were small, of the order of 0.5 pixel.
For the measurement of the shift between images at different bands, we divided each image into 12 sectors, 30 • wide; each sector was further divided into a number of zones, 60 wide, from just inside the limb down to a distance of about 0.25 R from the center of the disk. Images near the limb were corrected for center-to-limb effects, which can be very different at different wavelengths; this was done by subtracting the average value of the intensity at a given distance from the limb. Subsequently, the image segments were remapped to polar coordinates and the radial shift between two wavelength bands was measured by cross correlation. Typical values of the maximum cross correlation are ≈ 0.9 between 1600 and 1700Å images and ≈ 0.4 between 304 and 1600Å images; we note that, even in the latter case, the peak stands clearly above the background. We add that in all wavelength bands network structures are optically thick, and this facilitates the comparison.
We thus obtained the shift as a function of position angle (measured counterclockwise from the North) and radial distance from the center of the Sun. The average shift at each location was computed after dropping the highest and the lowest shift value; this accounts for excess shifts due to the presence of sunspots, filaments etc. in some images. Finally, from the average shift, the corresponding height difference was computed as a function of radial distance This method is better than the comparison of selected individual regions as was done by Nindos et al. (2018) , because it gives a global picture for the solar disk and can be used to check both for Pole-Equator differences and for the change of height between the disk center and the limb.
As a proxy for the network structures in HMI we used the absolute value of the longitudinal magnetic field, |B l |; to improve the quality of the image, we performed a smoothing with a 1 Gaussian. We computed the shifts of network features in 1700, 1600, and 304Å with respect to HMI, of 1600Å with respect to 1700Å, and of 304Å with respect to 1600Å; for the latter we smoothed the 1600Å image by a 3 Gaussian, in order to compensate for the increase of the size of the network features between the two wavelengths. Figure 2 shows polar-projection images for two regions; in addition to HMI, 1700, 1600 and 304Å, we also provide 171, 193 and 335Å images for reference. It is obvious in the figure that the features marked by the cross-hair, as well as many others, are shifted towards the limb in the 304Å band.
Results
We note that network features are clearly visible in the HMI, 1700, 1600 and 304Å bands; they are still visible in the 171Å band, but this is apparently due to the fact that the temperature response of this channel extends to temperatures lower than its nominal temperature of ≈ 10 6 K (Boerner et al., 2014) . No network features are seen in the 193 and 335Å bands, in agreement with the well-known fact that the network disappears in the corona (Reeves et al., 1974) .
An example of our measurements of the image shift as a function of position and distance from the disk center is given in Figure 3 for the 2017 data, which is typical of all of our data sets. We note that in all cases the shift decreases towards the center of the disk, as expected. We can see no Pole-Equator differences, not even when coronal holes were present near the Poles, as in the 2015, 2017, and 2019 data sets.
Fluctuations around the mean value provide an estimate of the accuracy of our measurements. For the same wavelength, their variation with position angle is not the same at all disk locations, which excludes pointing errors as their origin; they can be due to intrinsic structural differences and/or image distortion, which is different in different bands. There are no measurable fluctuations when the 1600 and 1700Å bands are compared (middle plot in Figure 3 ), which are imaged by the same telescope and have very similar structure. We note further that the fluctuations of the 304Å band are smaller when it is compared to the smoothed 1600Å band image than when it is compared with HMI, apparently due to the larger structural differences in the latter case. Figure 4 shows the emission height, deduced from the average shift, as a function of distance from the center of the disk (top row) and as a function of the cosine of the heliocentric angle (µ, bottom row), for the same data set shown in Figure 3 . It is quite clear that the emission height increases from the center of the disk to the limb. For the 1700 and 1600Å bands this increase is better represented by a second degree curve, both as a function of R/R and as a function of µ, while for the 304Å band the scatter of values does not permit anything else but a linear fit.
It turned out that |B l | is not a perfect proxy for the network at the level of the HMI continuum. Indeed, a comparison of |B l | images with continuum intensity images near the limb, where network structures have enough contrast to be detectable (c.f. Figure 2) , showed that the apparent height of the former is slightly lower ( Figure 5) .
The very small fluctuations of the shift, with root mean square (RMS) values from 0.03 to 0.06 , indicate that this is a real effect. Averaged over all six data sets, the height difference is 0.34 ± 0.07 Mm. A possible explanation of this effect is that the magnetic field is nearly radial at the center of a structure and inclined at its edge; consequently, for an optically thick structure very close to the limb, the peak of the longitudinal magnetic field will not coincide with the maximum field intensity, which is what the network brightness approximately represents, but it will be shifted towards the disk center (a well-known effect with sunspots). Far from the limb, this effect should be negligible.
Considering all of the issues discussed above, we adopted the following procedure to estimate the emission height:
• Correct the height near the limb, measured for 1700 and 1600Å with respect to |B l |, for the shift reported in the previous paragraph. • Estimate the height of the 304Å emission with respect to the HMI level by adding the height difference between 1600Å and HMI to the height of 304Å with respect to 1600Å. • In all cases the height at the disk center was estimated by extrapolation of the height vs. µ curves to µ = 1.
The results near the limb are presented in Table 1 , where we have added the 13-month smoothed International Sunspot Number, S n ; 1 we also give the height of the limb for 1700 and 1600Å, as well as the height of peak intensity for 304Å from Alissandrakis and Valentino (2019a) . Error estimates are from the RMS of the shift values averaged over position angle, as described above. Results for the center of the disk are given in Table 2 ; here the errors were estimated from RMS of the least squares fit since, as mentioned previously, these values were computed by extrapolation of the height to µ = 1. We note that in both Tables 1 and 2 the maximum height was measured in 2019, close to the solar minimum, and the minimum height in 2014, close to the solar maximum. This is illustrated in Figure 6 , where we plotted representative shifts as a function of the sunspot number. Although differences are small and within the error margins, this may disclose a solar cycle effect. However, for such a variation to be convincingly demonstrated, more data sets are required, and this is outside the scope of the present work. Moreover, this variation is not corroborated by our measurements of the solar radius, while Giménez de Castro et al. (2007) found no solar-cycle variation of the radius at 304 and 171Å from EIT images. Still, Selhorst, Silva, and Costa (2004) reported a negative correlation between the solar radius at 17 GHz and the sunspot number for the polar regions and a positive one for the full disk. Taking all of these into account, we consider that the evidence for a solar-cycle variation is weak. 
Summary and Conclusions
We developed a method to measure the relative shift of disk features in two wavelength bands as a function of position angle and distance from the center of the solar disk and from that we computed the relative height of the network emission. We applied this method to six data sets, from 2012 to 2019, and we obtained the network height in the 1700, 1600, and 304Å bands with respect to the level of the HMI emission at 6173Å. As a proxy of the HMI network we used the absolute value of the longitudinal magnetic field. Near the limb, the apparent height of |B l | is 0.34 Mm below the continuum network, probably due to the predominantly vertical orientation of the magnetic field; we corrected the limb heights for this effect.
No Pole-Equator differences were detected. We found a well-defined increase of the network height from the center of the disk to the limb. This is apparently due to opacity effects, as the radiation near the limb is formed higher than near the disk center. The lowest height is that of the 1700Å network, just 0.14 Mm above the HMI level at the disk center, followed by the 1600Å network, 0.20 Mm above the 1600 level; the corresponding values near the limb are 0.20 Mm and 0.25 Mm respectively. The average height of the 304Å with respect to the 1600Å emission ranges from 2.9 Mm at disk center to 3.6 Mm at the limb; thus the value of 3 Mm reported by Nindos et al. (2018) is between the two. Adding to that the height difference between the 1600Å level and HMI, the 304Å network height comes to 4.1 and 3.3 Mm for the limb and disk center respectively. The formation heights as well as the limb height from Alissandrakis and Valentino (2019a) are shown in Figure 7 .
The deduced network heights near the limb are smaller than the heights of the limb at 1600 and 1700Å and the height of 304Å peak intensity reported by Alissandrakis and Valentino (2019a) . As explained in the introduction, the limb height should be closer to the upper limit of the level of formation of the radiation rather than to the average; moreover, the limb height represents the entire atmosphere and not just the network that is measured here. Our values for Figure 7 . The emission height in Mm with respect to HMI at disk center and near the limb, as well as the height of the limb, for the 1700, 1600, and 304Å AIA wavelength bands (red, full lines, green, dashed lines, and blue, dash-dotted lines respectively).
the center of the disk for 1600 and 1700Å (0.14 and 0.39 Mm respectively) are not very far from the theoretical computations of Fossum and Carlsson (2005), 0.36 and 0.43 Mm, but their difference is (0.20 Mm vs. 0.07 Mm); we note, however, that the response of the 1600 and 1700Å filters of TRACE, used by these authors, is not the same as that of the corresponding AIA filters. Thus, our results can help to check and refine atmospheric models.
Finally, our measurements show a slight increase of the network height from the maximum to the minimum of the solar cycle. However, the variation is comparable to our error estimates; thus we consider this finding as suggestive only. We believe that this issue warrants further investigation, with more data sets.
